Objective: Levothyroxine sodium (LT4) is considered safe, and widely administered to premature infants with thyroid dysfunction. Late circulatory collapse (LCC) has not been defined clearly, but it has been characterized as refractory hypotension in premature infants. Recently, LCC after LT4 admini stration was reported in Japan. However, there is controversy on the aspect of LT4 as a risk factor of LCC. The purpose of this study was to investigate relations between LT4 administration and LCC in premature infants. Methods: We retrospectively reviewed medical records of premature infants (≤32 weeks gestation) admitted in Gyeongsang National University Hospital between 2011 and 2018. To investigate the relation between LT4 supplementation and LCC, clinical and laboratory findings were reviewed and compared between premature infants with and without LCC. Results: Among 347 premature infants, LCC occurred in 21 (6.1%) on median 19.0th day. Sixteen (76.2%) of 21 infants with LCC were receiving LT4 and LCC was developed on median 3.0 days after LT4 initiation. Gestational age ≤28 weeks, birth weight <1.5 kg, hemodynamically significant patent ductus arteriosus, culture proven sepsis, necrotizing enterocolitis, congenital hypothyroidism, use of LT4 and diuretics, values of serum thyroid stimulating hormone, free thyroxine and sodium were significantly statistically different between LCC and no LCC group. Prematurity ≤28 weeks of gestation and LT4 replacement were risk factors of LCC on multivariate logistic regression analysis. Conclusion: Supplementation of LT4 should be carefully considered in premature infants with thyroid dysfunction and serial monitoring of blood pressure should be warranted if LT4 was administered.
Introduction
Thyroid hormones are important in central nervous system development. Congenital hypo thyroidism (CH) defined as low thyroxine (T4) and elevated thyroid stimulating hormone (TSH), can cause cognitive deficit and growth abnormality. The newborn screening test (NST) has contributed to improve the outcome in infants with CH, as levothyroxine sodium (LT4) administration has been initiated at an early stage. 1 With the advent of NST, it is clear that thyroid dysfunction in preterm infants has been more prevalent than in term infants. [1] [2] [3] [4] A surge of TSH develops within hours of birth and then TSH declines steadily to below 5 mIU/L during the first postnatal week in infants with term gestation. However, TSH surge is weaker or absent at birth in premature infants because of immature hypothalamic-pituitary-thyroid axis. 5 Patterns of thyroid dysfunction in premature infants could be classified as typical hypothyroidism or CH with delayed TSH elevation, transient hypothyroxemia of prematurity (THOP), and hyperthyrotropinemia, respectively. 1, 2, 4, 5 Although treatment of THOP or hyperthyrotropinemia in premature infants has been controversial to prevent poor cognitive out- Perinatology infants with thyroid dysfunction. 1, 5, 6 Late circulatory collapse (LCC) in premature infants has not been defined clearly, but has been characterized as refractory hypotension occurring after the early neonatal period (>7 days) in stable very low birth weight (BW) infants. 7 Systemic hypotension is one of common problems in premature infants, which can be caused by hypovolemia, hemorrhage, myocardial dysfunction, sepsis, necrotizing enterocolitis (NEC), etc. So, apparent causes should be eliminated for diagnosis of LCC. Most LCC patients respond to glucocorticoid but do not respond to fluid and inotropes. So, relative adrenal insufficiency associated with prematurity has been suggested as pathophysiology of LCC. 8 Re cently, LCC has been reported in Korea and Japan, and LT4 supplementation before LCC was mentioned in the previous studies. [9] [10] [11] [12] However, LT4 supplementation as a risk factor of LCC has been controversial. Therefore, the purpose of this study was to investigate if LT4 administration to premature infants with thyroid dysfunction could affect development of LCC by comparing clinical and laboratory findings among premature infants.
Methods
Protocol of this study was reviewed and approved by the Insti-tutional Review Board of the Gyeongsang National Universtiy Hospital (GNUH 2019-04-006).
Study population and clinical information
Medical records of 401 premature infants born with ≤32 weeks of gestation between January 2011 and March 2018 were retrospectively reviewed. Of them, premature infants who were admitted for at least 2 weeks in Gyeongsang National University
Hospital were included (n=347 inotropes were not effective. After recovery of blood pressure into previous range was accomplished, hydrocortisone was discontinued as soon as possible due to fear of incomplete exclusion of underlying causes such as sepsis or NEC at the time of hypotension and concern for aggravation of underlying causes by steroid.
Criteria of thyroid dysfunction and LT4 administration
Since thyroid dysfunction was relatively prevalent in premature infants with normal TSH or T4 on capillary NST, serum TSH and free T4 (fT4) were performed on postprandial 5-7th day together with NST. 2, 3 When serum TSH of 5 to 20 mIU/L or fT4 of <0.9 ng/mL were reported on initial examination, serial TSH and fT4 were checked with a 1 or 2-week interval. In Gyeongsang National University Hospital, low fT4 was defined as a serum fT4 concentration of <0.9 ng/dL, and elevated TSH as >5 mIU/L.
Thyroid dysfunction was classified as hypothyroxinemia of for mula. Use of antenatal steroid was defined as complete betamethasone injection to mother prenatally. Maternal thyroid disease was defined as hypothyroidism or hyperthyroidism of mother during pregnancy regardless of underlying cause. Among obste tric problems, prolonged premature rupture of membrane (PPROM) was defined as rupture of amniotic mem brane over 18 hours before birth. Hypertensive condition included essential hypertension, pregnancy induced hyperten sion, or preeclampsia.
Placenta problem contained bleeding from placenta previa or abruption. Premature labor pain was defined as labor pain and uterine contraction, which could not be controlled by tocolytics.
Prematurity-associated diseases were diagnosed as follows;
respiratory distress syndrome was diagnosed as ground glass opacity on chest X-ray. Hemodynamically significant patent ductus arteriosus (hsPDA) was defined as ductal shunt from left to right and ratio of left atrium and aorta 1.4 on echocardiography. 13 NEC was diagnosed based on modified Bell's classification 14 and intraventricular hemorrhage (IVH) was diagnosed as subependymal, intraventricular or intracerebral hemorrhage on brain ultrasonography. 15 Sepsis was defined as use of antibiotics and positive result of culture with blood, urine, cerebrospinal fluid or others.
Clinical variables associated with short-term outcome were also investigated from medical records regarding bronchopulmonary dysplasia (BPD), retinopathy of prematurity (ROP), gross motor delay and mortality in 1 year, respectively. Premature infant who required supplemental oxygen or positive pressure ventilation at 36 weeks of gestation or postprandial 28th day was defined as having a BPD. 16 An ophthalmologic examination for detecting ROP was performed based on screening guideline in 3 or 4 weeks after birth and diagnosed as ROP with zone Ⅰ-Ⅲ, stage Ⅰ-Ⅲ, and plus. 17 Gross motor delay was considered as premature infants who were undergoing rehabilitation therapy and mortality was investigated as infants who died in 1 year after birth in this study, respectively.
Definition of LCC and treatment
LCC was diagnosed retrospectively as follows. 7 was performed, the statistically significant factors in univariate logistic regression analyses were included for adjustment. The authors also checked the multicollinearity between the factors for adjustment using correlation coefficient and excluded one of them when the coefficient was more than 0.7. Differences of short-term outcomes between the two groups and risk of LCC were evaluated as the same manner. Two-sided P<0.05 was set to determine the significance of variables in all analyses.
Results
In total, 347 premature infants were included in this study.
Exclusions were decided as premature infants who were discharged before 2 weeks after birth due to discharges with good condition, transfers to other hospitals, or death (n=47). Patients with acute refractory hypotension who did not fit predefined criteria of LCC were excluded acute refractory hypotension on day 4 (n=1), and refractory hypotension with NEC (n=3), culture proven sepsis (n=1), IVH ≥stage 3 (n=1) and ligation of PDA (n=1), respectively ( Fig. 1 NST (Guthrie or tandem mass spectrometry) on postprandial day 5-7 ( Fig. 1 ). If serum TSH was 5-20 mIU/L or fT4 was <0.9 ng/dL on initial examination, serial tests were performed with 1 or patients with congential hypo thyroidism (TSH >20 mIU/L and fT4 <0.9 ng/dL) were included. LCC developed in 19 of 166 (11.4%) patients with thyroid dys functions, and 2 of 177 (1.1%) infants with normal thyroid func tion ( Fig. 1 and Supplementary Table 1 ).
LT4 was more frequ ently prescribed in LCC than in no LCC group (76.2% vs. 25.5%, P<0.001).
Risk factors of LCC
To investigate risk factor of LCC, variables with statistically significant differences between the groups ( when multivariate logistic regression model was per formed with adjusted GA (Table 3 ).
Short-term outcomes and risk of LCC

Discussion
Incidence of LCC in Gyeongsang National University Hospital was 6.1% in total and more prevalent in patients with LT4 (16.2%, 16/99) than in patients without LT4 administration (2.0%, 5/248, P<0.001) (Fig. 1) . LCC was also more frequently developed in premature infants with ≤28 than in infants with 28-32 weeks of gestation (P<0.001, Table 1 ). According to previous studies, the incidence of LCC has been reported between 4 and 43%. 9, 11, 12, 19 In one Korean facility, LCC was diagnosed in 6.7% of premature infants with <33 weeks of gestation and in Japan, 11.6% of very low BW infants experienced LCC, respectively. 9, 11 Prematurity with <26 weeks of gestation, LT4, amidotrizoic acid, antenatal steroid and fentanyl were reported as risk factors for LCC. 7, 11, 12, 19 In this study, LT4 and prematurity less than and 28 weeks of gestation were the risk factors of LCC ( Table 2) . As a risk factor of LCC, LT4 administration in premature infants has been still inconsistent according to reported studies. 2, 7, 9, [10] [11] [12] 20 Kawai et al. 11 and Okada et al. 20 reported LT4 administration could develop LCC in premature infants, respectively. Shimokaze et al. 12 insisted practice changes such as use of antenatal steroid and fentanyl could have more impact on development of LCC than use of LT4.
Many confounding factors that could affect systemic circulation in premature infants, different neonatal care strategies per fa cility, various inclusion of each study and the unestablished definition of LCC could attribute to the various incidences of LCC and the inconsistent results for LT4 as a risk factor of LCC. 9, 12, 19 In 3, 4, 9, 11, 12, 19 Compared with other studies, incidences of thyroid dysfunction and LT4 admini stration were relatively prevalent in this study.
Exposure to povidone iodine, dopamine or dobutamine, and amidotrizoate may affect thyroid function, and thus potentiate prescription of LT4. 19, 21 In Gyeongsang National University Hospital, umbilical venous catheter or peripherally inserted central venous catheter was often inserted to neonates born prematurely with ≤32 weeks of ge station with skin preparation using 10% povidone iodine. Dopamine with or without dobutamine was often started with 2.5-5 μg/kg/min to maintain mean blood pressure of appropriate for GA and subsequent urine output in 7 days after birth ( 
